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ABSTRACT

A phosphate modification of previously described porous zirconium oxide high-performance liquid chromatographic support parti-
cles has been developed. Modification of the surface with inorganic phosphate alleviates the irreversible adsorption of proteins on the
native oxide surface and makes the surface more biocompatible. X-ray photoelectron spectroscopic, solid-state *'P NMR, elemental
analysis, pH stability and 32P phosphate release studies that have been used to characterize physically the surface of these modified

particles are reported.

INTRODUCTION

We have recently reported on the development of
acid- and base-stable porous zirconium oxide
spherules as support particles for high-performance
liquid chromatography (HPLC) [1,2] and previous
work on the chromatographic utility of zirconium
oxide, silica and glasses which contained an over-
layer of zirconia was reviewed. The support parti-
cles consist of monoclinic zirconia crystals and can
be produced with diameters ranging from 5 to 50
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um and pore diameters from 60 to 415 A. The me-
chanical, chemical and thermal stability of mono-
clinic zirconia is the basis for our interest in devel-
oping and investigating porous zirconia spherules
as HPLC supports. Zirconia particles with large
pore diameters (>300 A) are now available, mak-
ing the investigation of protein separations on zir-
conia possible.

Zirconia particles have the extremely high pH
stability typical of organic polymeric supports but
maintain the high mechanical stability of silica and
alimunia supports. Static pH stability studies [2]
showed no evidence of dissolution of the zirconia
particles at any pH (1-14), whereas more than 1%
(w/w) of a 100-mg sample of alumina dissolved in
900-ml aliquots of ageuous solutions at any pH < 3
or > 12. The use of silica-based supports is limited
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to the Ph range 2-8 owing to their high solubility
outside this range. Attempts to inhibit the dissolu-
tion of silica by the use of saturation columns [3],
zirconia cladding [4] or acid—base treatment [5] have
been only partly successful. Clearly, zirconia has
distinct advantages over alumina and silica for both
high- and low-pH applications.

Polymer-based supports have been developed
which are stable over a much broader pH range
than are silica and alumina. Such supports are,
however, subject to shrinking and swelling, which
may restrict diffusion [6] and cause higher column
backpressures. The use of organic modifiers is also
necessary to wet the polymer effectively {7]. These
effects have adverse consequences on column effi-
ciency.

Another disadvantage of silica-based supports is
the strong interaction of amines with the residual
silanol groups on the silica surface [8], leading to
peak tailing, poor efficiency, low recoveries and hys-
teresis effects. Zirconia has no strong interactions
with amines and their efficient separation is possible
without the use of mobile phase additives [2].

Although zirconia has no strong interactions
with amines, it does have a high affinity for many
anions, especially phosphate [9,10]. Indeed, even a
brief exposure of zirconium oxide to a dilute phos-
phate solution converts the support from an anion
to a cation exchanger at pH 8. This can be reversed
by rinsing the support with strongly alkaline solu-
tions. Exposure of zirconia to samples containing
certain anions such as phosphate will thus alter its
chromatographic properties. This characteristic re-
quires that such anions be removed from the sample
matrix in a “clean-up” step or that their adsorption
be blocked so as to maintain reproducible retention
behavior of the zirconia. The presence of strong ad-
sorption sites on the heterogeneous surface of the
zirconia is also evident by the strong adsorption of
certain anionic solutes in all modes of chromatogra-
phy on zirconia. Elution of carboxylic and phos-
phonic acids requires the presence of an oxyanion
as an additive in the mobile phase to avoid unac-
ceptable peak broadening and low recoveries [1].

The surface of the zirconia particles is complex
and several surface species have been identified, as
depicted in Fig. 1. Infrared studies of zirconia have
confirmed the presence of at least two types of sur-
face hydroxyl species [11-13]: a terminal hydroxyl
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Fig. 1. Proposed models for the surface species of various phos-
phate-treated zirconias. (A) terminal hydroxide group; (B) bridg-
ing hydroxide group: (C) uncoordinated Lewis acid site; (D)
physisorbed phosphate group: (E) esterified phosphate group co-
valently bound to the surface; (F) multi-layer zirconium phos-
phate area resulting from partial dissolution of the zirconia ma-
trix.

(A), similar to the free silanol of silica, and a bridg-
ing hydroxyl (B), in which a single oxygen is shared
by two zirconium atoms. As with other metal ox-
ides, these surface hydroxyl groups are partly re-
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sponsible for the amphoteric nature of the surface.
They may be protonated or deprotonated depend-
ing on the solution pH, giving the zirconia anion- or
cation-exchange properties, respectively:

Zr-OH,* =Zr-OH + H* = Zr-O~ + 2H*

Coordinatively bound water molecules may also
contribute to the ion-exchange properties of the zir-
conia. The point of zero charge, i.e., the pH at
which zirconia has no net charge, is between 8 and
9.2 for the material used in these studies [1].

In addition to surface hydroxyls, the presence of
coordinatively unsaturated zirconium(IV) ion sites
(Cin Fig. 1) on zirconia was confirmed by the use of
a nitroxyl ion paramagnetic probe and ESR [14].
These very strong Lewis acid sites are similar to
those found on alumina and are probably respon-
sible for the strong interactions of certain anions
with the surface of the zirconia.

These interactions persist even when bare zirco-
nia particles are coated with a polymeric phase such
as polybutadiene [1]. Whereas non-polar molecules
such as benzene behave as expected, oxyanions such
as benzoic acid did not elute from polybutadiene-
coated zirconia. Ordinarily such polar molecules
are less retained than non-polar solutes on a non-
polar surface such as polybutadiene. These observa-
tions show the strength and persistence of surface
interactions with the surface on zirconia despite the
presence of a polymer coating. Indeed, it is unlikely
that any polymer coating procedure will successful-
ly block all of the adsorption sites. Rigney [1] found
continued phosphate adsorption despite thick poly-
butadiene coatings of up to 1.7 nm. Similarly resid-
ual silanol groups continue to play a role in chro-
matographic separations on silanized supports de-
spite years of work to alleviate these interactions [8].

The separation of proteins on zirconia has be-
come feasible with the development of particles
whose pores are large enough to avoid steric exclu-
sion of these large molecules. Obviously, if the sep-
aration of small solutes containing a single oxy-
anion functionality requires the presence of inor-
ganic phosphate in the mobile phase to block the
strong interactions with the surface of zirconia, the
separation of large biopolymers containing many
such groups will be extremely problematic. Indeed,
elution of myoglobin and bovine serum albumin

from zirconia required a pH 10 buffer and then only
partial separation was achieved. Very poor efficien-
cy and peak shapes were observed despite the pres-
ence of phosphate in the mobile phase [1].

The aim of this work was to modify the surface of
the zirconium oxide spherules reported previously
[1,2] in order to remove the undesirable oxyanion
interactions without compromising the mechanical
and chemical stability of the particles. The strong
affinity of zirconia for phosphate and the low solu-
bility of zirconium phosphate [15] in water made a
phosphate modification of the surface a reasonable
approach. A phosphate modification of zirconia
that effectively blocks the strong sites responsible
for the oxyanion interactions would provide a more
“bio-compatible” stationary phase, suitable for the
separation of proteins and other biologically impor-
tant molecules. The widespread use of the calcium
phosphate hydroxyapatite in protein chromatogra-
phy and zirconium phosphate for transition metal
ion spearations also suggested that a phosphate-
modified zirconia would be of interest as a chroma-
tographic support.

This paper described the study of the preparation
and physico-chemical characterization of phos-
phate-modified zirconia particles. Their chromato-
graphic properties and utility in the separation of
proteins are described in the following paper [29].

EXPERIMENTAL

Water was purified using a Barnstead Nanopure
deionizing system with an organic free cartridge
and a 0.2-um final filter. All water was boiled and
cooled prior to use in order to remove dissolved
carbon dioxide. All chemicals were of analytical-
reagent grade or better. Hydrochloric acid [7647-
01-0] was obtained from EM Science (Gibbstown,
NI, USA), 50% sodium hydroxide solution [1310-
73-2] from Curtin Matheson Scientific (Houston,
TX, USA), tris(hydroxymethyl)aminomethane
(Tris) [77-86-1] from Sigma (St. Louis, MO, USA),
potassium phosphate dibasic [7758-11-4] and potas-
sium chloride [7447-40-7] from Mallinkrodt (Paris,
KY, USA), sodium acetate [127-09-3] and sodium
borate {1330-43-4] from Fisher Scientific (Fairlawn,
NK, USA), phenylphosphonic acid {1571-33-1} and
zirconium phosphate from Pfaltz & Bauer (Water-
bury, CT, USA) and phosphoric acid [7664-38-2]
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from J.T. Baker (Phillipsburg, NJ, USA). Carrier-
free [32P]-orthophosphate was purchased from
Amersham (Arlington Heights, 1L, USA).

Zirconia particles were prepared by a proprietary
process at the Ceramic Technology Center of 3M.
Several batches of the zirconia particles with vari-
ous physical properties were used throughout this
work. The typical particle had a pore diameter of
about 300 A as determined by mercury porosimetry
and a BET surface area of about 120 m?/g. The
particles are well defined spherules and the chief dif-
ference in the particles used here is the average par-
ticle size. For this work, larger particles (> 20 um)
were used, but small (5-um) well sized particles can
be obtained for chromatographic purposes by parti-
cle size classification methods.

All particles were chemically pretreated before
further modification in order to minimize any dif-
ferences in the surface chemistry of the different
batches of zirconia particles. Pretreatment with acid
or base is known to affect the retention character-
istics of inorganic supports, especially alumina [16].
Galkin et al. [17] noted differences in the reactivity
of various zirconia surfaces toward phosphoric acid
based on the number of condensed and free hydrox-
yls. In this study, all particles were immersed for 1 h
in 0.1 M hydrochloric acid followed by 1 hin 0.1 M
sodium hydroxide solution at room temperature
and were swirled periodically. At the beginning of
both the acid and base treatments, the particles
were thoroughly degassed by sonication and appli-
cation of a vacuum. The treatment was carried out
in closed high-density polyethylene bottles rather
than glass flasks to prevent precipitation or adsorp-
tion of dissolved silicates on the particles. In order
to avoid the adsorption of carbonates, freshly
boiled and cooled deionized water was used and the
lower carbonate-containing 50% saturated sodium
hydroxide solutions rather than sodium hydroxide
pellets were used to prepare all alkaline solutions.
The particles were thoroughly rinsed two or three
times with 500-ml portions of deionized water after
both the acid and base treatments.

During both the acid and base treatments, most
of the particles settled to the bottom of the flask
within about 10-15 min. However, up to about one
third of the particles remained suspended for peri-
ods longer than 2 h in the water rinses, especially
after the base treatment, probably owing to charg-
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ing of the particles. The high ionic strength of the
acidic and basic solutions supresses the repuision
between the particles. For expediency, larger parti-
cles (> 20 pm) were rinsed in a sintered-glass funnel.
A portion of the smaller particles was sacrificed
with each water rinse rather than waiting for all of
the particles to settle. The particles were either im-
mediately subjected to the phosphate modification
described below or they were dried in a vacuum
oven at 60°C and stored in capped bottles.

The phosphate modification was carried out as
follows: 15-25 g of pretreated zirconia particles
were placed in a 500-ml round-bottomed flask.
About 250 ml of 0.1 M phosphoric acid containing
1.0 M potassium chloride were added and the resul-
tant slurry was thoroughly degassed by sonication
and application of a vacuum. The potassium chlo-
ride was added to minimize any charging effects but
other particles have been prepared without the ad-
dition of the salt and similar phosphorus to zirconi-
um ratios were obtained. The potassium ion may
also have a significant effect on the interlayer dis-
tance of any localized crystalline zirconium phos-
phate that might form. The slurry was warmed us-
ing a heating mantle such that the phosphoric acid
solution refluxed for 4 h. Mixing was induced by
“bumping” of the particles during reflux and by oc-
casional swirling. Particles prepared in this manner
are referred to as ZrP(0.1) and were used in all chro-
matographic studies unless indicated otherwise; the
(0.1) denotes that the particles were treated with 0.1
M phosphoric acid and 1.0 M potassium chloride
for 4 h.

A similar phase was also prepared in which 1.0 M
phosphoric acid solution was substituted for the 0.1
M phosphoric acid—1.0 M potassium chloride solu-
tion. These particles were refluxed for only 1 h and
are referred to as ZrP(1.0). Both the ZrP(0.1) and
ZrP(1.0) particles had a “‘glue-like™ appearance af-
ter phosphoric acid treatment. They became free-
flowing particles after rinsing with HPLC-grade wa-
ter and drying in vacuum.

Elemental analysis was done by placing 5-g sam-
ples of 100-400-um zirconia particles in a filter flask
containing 200 g of the appropriate phosphoric acid
solution. The slurry was then subjected to vacuum
in order to remove air from the pores and wet the
surface with the acid solution. After degassing, the
flask was maintained at the desired temperature for
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the time period indicated. When the desired reac-
tion time had elapsed, the particles were thoroughly
rinsed with distilled water and dried for 24 h at
80°C. The surface area of each sample was deter-
mined by the BET nitrogen adsorption method. A
portion of each sample was dissolved in hydrofluor-
ic acid and analyzed by inductively coupled plasma
(ICP) atomic emission spectroscopy. It should be
noted that rinsing with water or neutral salts such
as potassium chloride does not remove adsorbed
phosphate from the surface of zirconia. Hence the
elemental analysis studies (see below) probably rep-
resent the sum of both the adsorbed phosphate and
covalently bound phosphate.

The pH stability of the phosphate modified zirco-
nia particles in alkaline and acidic aqueous media
was assessed in a static solubility study. About 1.5¢g
of the phosphate-modified zirconia [ZrP(0.1)] were
weighed and placed in 500 ml of an aqueous solu-
tion at a known pH. Aqeous solutions of pH 1 and
3 were prepared by addition of hydrochloric acid to
freshly boiled HPLC-grade water until the desired
pH was obtained. Aqueous solutions of pH 11, 12
and 13 were likewise prepared by addition of car-
bonate-free sodium hydroxide to HPLC-grade wa-
ter. Aqueous solution of pH 5, 8 and 10 were buf-
fered with 10 mM sodium acetate, Tris and sodium
borate buffers, respectively. Aliquots of 10 ml of the
supernatant were collected from each of the sam-
ples decribed above after 1, 2, 4, 8 and 16 days. The
pH of the solutions was redetermined after the last
sample collection. The concentrations of phospho-
rus and zirconium in each of the supernatant sam-
ples were determined by ICP analysis. Samples were
filtered to remove particulates using a Millipore
Type HA 0.2-um filter prior to analysis.

Phosphate-release and -exchange studies were
performed using [3?P]phosphate-treated particles.
About 7 g of zirconia (415 A, 10-20-um particles)
were combined with 5 ml of HPLC-grade water and
the resultant slurry was thoroughly degassed using
house vacuum and sonication for about 5 min. The
slurry was the added to a premixed solution of 1.0
ml of 1.0 mCi [*?P]phosphate in 100 ml of 0.10 M
phosphoric acid—1.0 M potassium chloride and re-
fluxed as before. After cooling, the mixture was fil-
tered through Whatman No. 1 filter-paper on a
Buchner funnel and washed with 21 of 5 mM Tris
(pH 8). The radioactivity remaining in aliquots of

successive rinses was measured to determine when
the inerstitial [>?P]phosphate had been removed.
The radioactivity in the third rinse was less than
0.1% of that in the first, at which point rinsing was
terminated. However, it is very likely that a signif-
icant amount of physisorbed phosphate remains af-
ter rinsing. The beads were dried overnight in a vac-
uum oven. A 200-mg amount of the dried particles
was distributed into each of 24 tared 1.5-ml micro-
centrifuge tubes.

To each triplicate set of tubes was added 1.0 ml of
0.10 M phosphate buffer at one of eight different
pHs from 1 to 14. The tubes were thoroughly vor-
texed and mixed continuously on a rocker. At vari-
ous times after the addition of buffer, the tubes were
removed from the rocker, centrifuged for 3 min at
6000 rpm and 50-ul aliquots of the supernatant
were removed and added to 10.0 ml of scintillation
fluor (Aquasol) for counting. Radioactivity was de-
termined with a Packard Tricarb scintillation coun-
ter. Buffer was replaced to maintain a constant vol-
ume in the sample tubes. After the aliquots had
been taken and the buffer replaced, the tubes were
vortex mixed to resuspend the beads and returned
to the rocker. Following removal of the 13-h-ali-
quot, the tubes were centrifuged and, the buffer was
decanted, discarded and replaced with fresh buffer.
Subsequent samples of this supernatant buffer were
removed and counted as described above. As 2P
has a relatively short half-life, all supernatant sam-
ples were counted consecutively on the same day at
the end of the experiment to simplify the calcula-
tions.

X-ray photoelectron spectroscopy (XPS) was pe-
formed on a Physical Electronics Industries (Eden,
Prairie, MN, USA) Mode 555 ESCA/Auger system.
Spectra were obtained with an Mg Ka« source (15
kV, 2 mA) and a cylindrical mirror analyzer using a
100-eV pass energy for survey scans (10000 eV
binding energy) and a 25-eV pass energy otherwise.
Particles were held in place using aluminum tape.

Solid-state 3'P magic angle spinning (MAS)
NMR spectra were obtained on an IBM Instru-
ments NR/100 Fourier transform NMR spectrom-
eter with the IBM Instruments NMR solids acces-
sory. The instrument was calibrated with methyltri-
phenylphosphonium bromide at 20.43 ppm (vs.
phosphoric acid at 0.00 ppm).
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RESULTS AND DISCUSSION

Preparation and surface coverage

The extent of phosphate modification as a func-
tion of phosphoric acid concentation, reaction tem-
perature and reaction time is shown in Table . Not
surprisingly, the phosphorus to zirconium P/Zr ra-
tio increases with increasing phosphoric acid con-
centration and with increasing temperature. How-
ever, an analogous increase in the P/Zr ratio with
time is only noted at the higher temperature of
100°C. This could be the result of kinetic limitations
in the esterification of the phosphate with the sur-
face hydroxyls. The fact that the amount of phos-
phate incorporated into the zirconia is independent
of the reaction time at the lower temperature sug-
gests that under these conditions phosphate is mere-
ly adsorbed on the zirconia surface and does not
react to form covalent zirconium-phosphate bonds.
The lack of any covalently bound phosphate in the
materials produced at low temperature and at reac-
tion times of the order of hours was confirmed by
solid-state *'P NMR studies (see below).

A theoretical maximum monolayer surface cov-
erage of 4.9 m?/g of phosphate on zirconia was cal-

TABLE 1
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culated by assuming a face-centered cubic packing
arrangement with a packing efficiency of 74% and ¢
phosphate ion surface contact area of 25 A2, This
assumes the most efficient packing geometry pos-
sible and hence probably overestimates the actua
surace coverage. The surface contact area of the
phosphate was calculated from the Van der Waals
radius of oxygen and the average angle between the
oxygen and phosphorus in phosphate. This value is
considerably less than the 6.98 and 5.82 ymol/m*
measured for the 1-h, 100°C, 1 molal phosphoric
acid-treated and the 4-h, 100°C, 0.1 molal phos-
phoric acid-treated =zirconia, respectively. This
clearly suggests that at least some of the phosphate
is incorporated into some form of zirconium phos-
phate and is neither adsorbed on the surface noi
covalently bound surface sites.

It should be noted that elemental analysis does
not distinguish between covalently bound phos-
phate and phosphate which is merely adsorbed or,
the surface. The high affinity of zirconium phos-
phate and phosphate ion has been observed in this
laboratory and elsewhere [18].

BET surface area measurements were done to de-
termine the effect of the modification on the surface

ELEMENTAL ANALYSIS OF VARIOUS PHOSPHATE-MODIFIED ZIRCONIAS

H,PO, concentration Temperature Time

Specific surface area’

P/Zr Phosphate

(mol/kg) C) (h) (m?/g) molar ratio® Surface coverage (umol/m?)
0.00 25 1 116 0.004 0.00
0.01 25 1 115 0.032 1.98
0.10 25 1 104 0.057 4.08
1.00 25 1 110 0.063 4.32
0.00 25 4 113 0.004 0.00
0.01 25 4 116 0.034 2.14
0.10 25 4 121 0.061 3.80
1.00 25 4 117 0.065 4.04
0.00 100 1 124 0.004 0.00
0.01 100 1 124 0.032 1.88
0.10 100 1 114 0.070 4.57
1.00 100 1 109 0.001 6.98
0.00 100 4 105 0.004 0.00
0.01 100 4 110 0.045 3.00
0.10 100 4 117 0.089 5.82
1.00 100 4 111 0.149 9.41

¢ As determined by BET nitrogen adsorption measurements.
b As determined by ICP spectroscopy.
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area of the particles. As shown in Table I, there are
only insignificant random changes in the surface ar-
ea of the particles on treatment with phosphoric
acid. This indicates that the pore structure-of the
particles is unaffected by the modification, i.e., no
significant decrease in pore volume has taken place.

Stability testing

In order to obtained a preliminary idea of the
stability of the phosphate-modified zirconia, ZrP
(0.1) was exposed to several solutions of various pH
and the amounts of zirconium and phosphorus re-
leased were determined by ICP analysis of the su-
pernatant and is shown in Fig. 2. An obvious rela-
tionship between the amount of released phosphate
and the alkalinity of the solution is noted. Very little
phosphate is desorbed in acidic solution whereas
more than half of the total phosphate is desorbed at
pH 13. The instability of zirconium phosphate at
high pH has been noted previously [19].

The curves in Fig. 2 suggest a fast desorption
process that is essentially complete by the second
day, followed by a much slower release that contin-
ues throughout the duration of the study. This is
especially evident in the neutral and alkaline pH
solutions. After 16 days at pH 12.7, only ca. 3.1
umol/m? of phosphate had desorbed from the sur-
face. Even at high pH, the affinity of zirconia for
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Fig. 2. Static pH stability of phosphate-modified zirconia , ZrP
(0.1). Amount (umol) of phosphate released into solution per
squate meter of zirconia as a function of time and pH. O = pH
1.39 hydrochloric acid; @ = pH 3.18 hydrochloric acid; A =
pH 5.01, 10 mM sodium acetate buffer; A = pH 7.95, 10 mM
Tris buffer; 00 = pH 9.83, 10 mM sodium borate buffer; B =
pH 8.56 sodium hydroxide solution, originally pH 10.78; V =
PH 11.68 sodium hydroxide solution; ¥ = pH 12.68 sodium
hydroxide solution.

phosphate is significant and indeed only half of the
amount of phosphate incorporated into the phos-
phate-modified zirconia matrix had desorbed (see
Table I).

Zirconium levels in all of the supernatants from
the study above, except for the Tris-buffered (pH
8.00) samples shown in Fig. 3, were below the detec-
tion limit of 0.025 ug/ml of zirconium for ICP anal-
ysis. A similar study was undertaken on unmodified
zirconia particles and no detectable zirconium
was found. We assume that the Tris buffer is re-
sponsible for the presence of detectable amounts of
zirconium in the supernatant. The three hydroxyl
groups of the Tris may have enough chelating abil-
ity to solubilize the otherwise insoluble zirconium
phosphate species in alkaline solutions. The stabil-
ity of the unmodified zirconia particles in 10 mM
Tris medium (pH 8.00) was then assesed by the
method described above. No zirconium was found
in the supernatant within the detection limits of the
technique. This strongly suggests that the phos-
phate modification involves the breaking of zirconi-
um-oxygen bonds in the zirconia matrix, thereby
making the surface zirconia atoms susceptible to
complexation by Tris. This is supported by the high
surface coverages of phosphates determined earlier.

The effect of phosphate on the solubility of the
support was investigated by adding 10 mM potassi-
um phosphate to the Tris-buffered solution de-
scribed earlier. As shown in Fig. 3, the added phos-
phate did indeed suppress the solubility of the zirco-
nium phosphate but the level of zirconium solubil-
ity is still unacceptable. Based on this information,
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Fig. 3. Static pH stability study of phosphate-modified zirconia,
ZrP(0.1). Amount (wt.%) of zirconia dissolved. O = pH 7.85,
10 mM Tris buffer; ® pH 7.98, 0 mM Tris, 10 mM potassium
phosphate solution.
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it is not advisable to use Tris or similar chelating
buffers in the mobile phase with this support.

In order to assess the lability of the surface, the
exchange rate of phosphate from radiolabeled ZrP
(0.1) in buffered 0.2 M phosphate solutions was
studied as a function of pH (see Experimental). As
shown in Fig. 4, a considerable amount of phos-
phate (ca. 1.3 umol/m?) is exchanged for unlabeled
solution-phase phosphate from pH 1 to 10. This is
despite the fact that very little phosphate (<0.25
umol/m?) was found in the acidic solutions by ICP
in the pH stability study described earlier. The data
from this stability study are replotted vs. pH in Fig.
5 to be more analogous to the exchange experiment.
It seems that at pH 10 and above, the competition
between the solution-phase phosphate and hydrox-
ide ion begins to favor the hydroxide ion. This re-
sults in the upward curvature of radioactive phos-
phate lost from the surface in Fig. 4 and the amount
of phosphate which becomes soluble at pH 10 and
above as seen in Fig. 5. The enhanced exchange rate
of radiolabeled phosphate in acid suggests that a
portion of the phosphate on the surface is labile and
subject to exchange with phosphate in solution at
lower pH. Note that no enhanced solubility of
phosphate at lower pH was found in the stability
study (Fig. 5).

Spectroscopic studies

Electron spectroscopy is a powerful surface anal-
ysis technique for the identification of elements and
their chemical state [20]. Previous studies [21-23]
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have shown that the relative binding energy shifts of
the oxygen and zirconium bands are dependent on
the crystalline nature of the zirconium phosphate.
Satellite structures and “‘shake-up’” phenomena of
the P 25 and Zr 3d bands are also influenced by the
nature of the zirconium phosphate.

Neither the oxygen nor the zirconium bands in
the spectra showed any asymmetry which might in-
dicate the presence of more than one oxygen or zir-
conium state. It is likely that the contribution of the
zirconia substrate in the phosphate-modified phases
to the oxygen and zirconium bands masked any
contribution from the phosphate surface species.
However, close examination of the expanded spec-
tra of the P 2p bands did show two distinct phos-
phorus chemical states in the phosphate-modified
zirconia phases. The two phosphorus states are con-
sistent with the presence of a covalently bound zir-
conium phosphate species on the surface and an
adsorbed phosphate species.

MAS-NMR has proved to be a powerful tech-
nique for the characterization of solid [24-26]. The
31P nucleus is NMR active (S = 1/2) with 100%
abundance and thus is easily studied by NMR. Sev-
eral solid-state 3P NMR spectroscopic studies of
a-Zr(HPO,), - H,0 [27] and y-Zr(HPO,), - 2H,C
[28] and also amorphous zirconium phosphate have
been reported. Solid-state *'P NMR spectra of the
phosphate-modified zirconia were obtained in order
to characterize better the surface species present
(see Fig. 6).

Amorphous zirconium phosphate gels exhibit
three resonances at —11.8, —19.3 (major) and
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Fig. 6. Solid-state 3!P MAS-NMR spectra of phosphate-mod-
ified zirconia. (A) ZrP(1.0); (B) ZrP(0.1).

—25.5 ppm [27]. Despite its two crystallographical-
ly distinguishable phosphate groups, crystalline
a-zirconium phosphate has a single resonance at
—16.6 ppm [27] (—18.7 ppm [28]). The 3!P NMR
spectrum of y-zirconium phosphate does, however,
contain two distinct resonances at ~9.4 and —27.4
ppm [28] of equal intensity, suggesting that there is
a significant chemical difference between the two
phosphate groups in y-zirconium phosphate and
not simply a crystallographic difference.

No quantitative comparisons can be made be-
tween the two phosphate-modified zirconia phases
ZrP(0.1) and ZrP(1.0) as different numbers of scans
were used to obtain the two spectra. Quantitative
comparisons between resonances in the same spec-
trum are also not possible as the relaxation times of
the different phosphate species were not deter-
mined.

Based on these NMR spectra, it is not possible to
distinguish between phosphate esterified onto sur-
face hydroxyl groups and phosphate bound into a
multi-layer zirconium phosphate matrix. NMR
does, however, clearly show the presence of cova-
lently bonded phosphate and phosphate adsorbed
on the surface of the particles. Assignment of the
covalently bound phosphate was made by compari-
son with crystalline zirconium phosphate. This in-
formation, combined with the kinetic effects noted
in Table I, shows that phosphate adsorbs rapidly to
the surface (under 3 h) at room temperature but the
formation of covalent phosphate bonds requires the
more rigorous conditions of lower pH, higher tem-
perature (100°C) and longer exposure times.

31P MAS-NMR spectroscopy was also used to
investigate the alkaline instability of the phosphate-
modified zirconia. As solid-state *'P NMR spec-
troscopy is capable of distinguishing between ad-
sorbed and covalently bound phosphate, it can be
used to determine whether covalently bound phos-
phate is hydrolyzed or if the physically adsorbed
phosphate is stripped from the surface by exposure
to base.

The insure a good signal-to-noise ratio, particles
with a larger surface area (50 m?/g, 45-um particles,
100 A mean pore diameter) were used in this study.
The pulse delay time of the instrument was also op-
timized to maximize the signal corresponding to the
covalently bound phosphate. The particles were
pretreated and modified with 1.0. M phosphoric
acid as described earlier. These particles were stat-
ically exposed to 0.1 M sodium hydroxide solution
for 3 days. Spectra of the two samples were ob-
tained on the same day using the same instrument
parameters. In this way the integrated peak areas of
the two resonances corresponding to the surface-
adsorbed phosphate and the covalently bound
phosphate can be directly compared between the
phosphate-modified zirconia and the base-treated
phosphate-modified zirconia.

Examination of the spectra shown in Fig. 7 clear-
ly shows that the covalent phosphate bonds were
hydrolyzed by the alkaline conditions and that a
large amount of the adsorbed phosphate desorbed.
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Fig. 7. Solid-state >'P MAS-NMR spectra of ZrP(1.0). (A) Un-
treated; (B) after exposure for 3 days to 0.1 M sodium hydroxide
solution.

CONCLUSIONS

Several spectroscopic techniques were used in the
course of this work to characterize the surface spe-
cies on phosphate-modified zirconia particles.
These surface species are responsible for the chro-
matographic properties of the particles.

A simplified scheme of what we believe are the
likely surface species on the unmodified zirconia
particles is given at the top of Fig. 1. The terminal
(A) and bridging hydroxyl (B) groups and the coor-
dinatively unbound zirconium Lewis acid sites (C)
are shown. Under the ““mildest” phosphating con-
ditions, i.e., neutral pH, room temperature and
short contact times, phosphate adsorbs on the sur-
face of the particles (D), especially on the Lewis
acid sites. At acidic pH and higher temperatures,
esterification of the phosphate with surface hydrox-
yls (E) takes place as the kinetic bariers are over-
come. Under the aggressive conditions of low pH,
high phosphate concentration, high temperature
and long reaction times, dissolution of the bulk zir-
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conia matrix results with the “reprecipitation” of
zirconium phosphates on the surface. Phosphate
ions sorb on any exposed zirconium atoms in the
precipitated zirconium phosphate.

Unfortunately, it is not feasible to remove the
adsorbed phosphate from the surface of the parti-
cles to determine the amount of adsorbed phos-
phate, as the conditions necessary for the complete
removal of the adsorbed phosphate also hydrolyze
the covalently bonded phosphate. Thus elemental
analysis cannot provide information on the pres-
ence or relative amounts of covalently bound phos-
phate. The solid-state *'P NMR studies clearly
show the presence of covalently bound phosphate
and thus the surface is not merely covered with ad-
sorbed phosphate. The elemental studies also show
that the extent of the modification exceeds a mono-
layer. This suggests that the model depicted in Fig.
1F is reasonable. The release of zirconium ions into
solution in the pH stability study of phosphate-
modified zirconia in Tris buffer (Fig. 3) also sug-
gests that the bulk zirconia matrix is attacked by
phosphate.

It the support is to be regeneratable, the bulk zir-
conia support must not be involved, ie., the mod-
ification must be a true surface modification which
does not involve the breaking of zirconium oxygen
bonds in the bulk zirconia matrix. ICP elemental
analysis studies have shown that both the 0.1 and
1.0 M phosphoric acid treatments involve breaking
zirconium—oxygen bonds in the bulk zirconia ma-
trix and hence loss of the bulk support will occur on
treatment with sodium hydroxide. Further study is
needed to determine if it is possible to limit the
modification to a monolayer and still block the sites
responsible for the specific anion interactions.
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